This is a study of the thermal fatigue property in three centrifugally cast work rolls, i.e., a nickelgrain cast-iron roll (Ni-grain roll), a high-chromium cast-iron roll (Hi-Cr roll), and a high-speed steel roll (HSS roll). The thermal fatigue mechanism was investigated with a focus on the roll microstructure and the increase in tensile stress which led the specimen to fracture when it reached the tensile strength. The thermal fatigue test results indicated that the thermal fatigue property was best in the HSS roll, followed by the Hi-Cr roll and the Ni-grain roll, respectively, and that the thermal fatigue life of each roll decreased with the increase of the mean temperature or of the temperature range of the thermal fatigue cycle. The results were then interpreted based on the amount of primary carbides and the cyclic softening phenomenon associated with the exposed time to elevated temperatures. The coarse primary carbides on the specimen surface acted as fatigue crack initiation sites, as they cleaved at a low stress level to form cracks. The HSS roll, having the highest tensile strength and the smallest amount of primary carbides, thus showed better thermal fatigue property than the other rolls. For the improvement of the thermal fatigue property of the rolls, this study suggests a homogeneous distribution of primary carbides by reducing the carbide segregation formed along the solidification cell boundary and by optimizing of the roll-casting process.
I. INTRODUCTION
THE hot-rolling process is one of the areas that the steel industry is actively exploring in an effort to devise a new and advanced technique for quality improvement of products. Rolls with improved mechanical properties such as wear resistance, high strength, fracture toughness, and thermal fatigue have become required, because rolling conditions have become severe as demands increase for rolled plates with a more uniform and lower thickness, smoother surface, and higher strength. [1, 2] Developing such rolls is mainly for the purpose of quality improvement of the rolled products and for roll durability. Thus, understanding thermal fatigue behavior is essential, since surface roughening and surface cracks are closely related to thermal fatigue.
The thermal fatigue of rolls is associated with the sudden increase and decrease of temperature as they come into contact with rolled plates at high temperature followed by water cooling. However, the surface region that experiences the thermal fatigue, less than 1.0 mm from the surface, is in a complete constraint by the roll interior that is not affected by the heat. [3, 4, 5] Thus, the roll surface is consistently roughened because of the continuous expansion and contraction caused by contact with the hot-rolled plate and subsequent water cooling. [6, 7, 8] roll-working conditions, the thermal stress variation at the complete constraint state should be understood, as well as the role of each microstructural factor on the thermal fatigue properties. In other words, to understand the thermal fatigue phenomenon and to figure out the factors that cause thermal fatigue during hot rolling, a systematic understanding through the investigation of the microstructural evolution is essential. The characterization of thermal fatigue behavior has been based on the analysis of surface roughening and prediction of the thermal fatigue property by performing simulation tests using a wear tester. [9] However, the quantitative analysis of the thermal fatigue behavior in relation to the microstructural evolution has hardly been reported.
In this study, the microstructure and thermal fatigue property of the three work rolls in commercial use, i.e., a nickel-grain cast-iron roll (Ni-grain roll), a high-chromium cast-iron roll (Hi-Cr roll), and a recently developed highspeed steel roll (HSS roll), were investigated to obtain the fundamental data for the establishment of hot-rolling conditions and the extension of the roll durability. In addition, the thermal fatigue mechanism and the microstructural factors influencing thermal fatigue were analyzed and compared using the thermal fatigue results.
II. EXPERIMENTAL

A. Roll Materials
All the work rolls (HSS, Hi-Cr, and Ni-grain) were centrifugally cast, and their chemical compositions are shown in Table I . The HSS roll and the Hi-Cr roll were solution treated at 950 ЊC to 1050 ЊC, air cooled, and then double tempered at 450 ЊC to 600 ЊC, whereas the Ni-grain roll was tempered just once at 450 ЊC to 600 ЊC without the solution treatment. After the solution treatment and subsequent air cooling, the matrix was composed of martensite and retained austenite. By the first tempering, the large amount of retained austenite transforms to martensite. [10, 11, 12] The second tempering increases fracture toughness by transforming martensite to tempered martensite. [13] In the tempering process, the residual stress created by the transformation of retained austenite to martensite is also removed. All the specimens were obtained from the shell parts of the rolls.
B. Tensile and Hardness Tests
The tensile test was performed at 200 ЊC using a 10-ton Shimadzu tensile tester. The geometry and dimensions of the tensile specimen are shown in Figure 1 . The hardnesses of the matrix and coarse primary carbides were measured using a Vickers hardness tester with a load of 25 g, and the overall hardness was measured with a load of 10 kg.
C. Thermal Fatigue Test
The size and geometry of the thermal fatigue test specimen are the same as the tensile specimen of Figure 1 . The thermal fatigue test was performed by varying the maximum temperature (T max ) with the two fixed minimum temperatures (T min ) of 200 ЊC and 300 ЊC, such that T max was in the range of 450 ЊC to 600 ЊC at T min ϭ 200 ЊC and 500 ЊC to 625 ЊC at T min ϭ 300 ЊC, using the heating and cooling rate of 10 ЊC/s. Figure 2 is the schematic drawing of the thermal fatigue tester used in this study. The specimen was heated from room temperature to T mean , and was kept at this temperature for a few minutes to allow the specimen to expand and reach the equilibrium and complete constraint state. The specimen temperature was then increased from T mean to T max and cooled through T mean to T min . Thus, a cycle of the thermal fatigue is the thermal treatment of T mean → T max → T mean → T min → T mean . The change in the gage length was detected by an extensometer, and the load was controlled accordingly to keep the gauge section at the complete constraint (no strain) state. The specimen in the fatigue test was put under repeated compressive and tensile stresses until it eventually failed, and then the number of cycles to failure (N f ), or the fatigue life, was counted.
D. Constant Strain-Controlled Test
The gradual loss of strength under thermal fatigue is called cyclic softening. To observe the softening behavior of the rolls, the constant strain-controlled test was carried out at predetermined temperatures and strains, and the variation in tensile and compressive stresses was measured. The temperatures of the constant strain-controlled test were 600 ЊC for the HSS roll and 550 ЊC for the Hi-Cr roll, with a constant strain of ‫54.0ע‬ pct.
E. Microstructural Observation
The roll specimens were etched with 3 pct nital, and then their microstructures were examined by a scanning electron microscope (SEM) and an optical microscope. For analysis of the carbides of the HSS roll, Murakami etchant (3 g K 3 Fe(CN) 6 ϩ 10 g NaOH ϩ 100 mL H 2 O), [14] through which the carbides can be identified by their color and contrast, was used. For energy-dispersive spectrometry (EDS) analysis of the carbides, the Murakami-etched specimens were repolished and etched with nital. The volume fractions of carbides and graphites were also determined using an image analyzer.
The fractured thermal fatigue specimens were examined using an SEM to identify the fracture mode of each roll. In addition, the thermal fatigue process was investigated by observing the morphology of the cracks formed in the region beneath the fracture surface after sectioning the fatigue-tested specimens longitudinally. The quantitative analysis of the thermal fatigue damage was performed by sequentially observing the cracks of the region from the fracture surface to about 4 mm down. The number and length of the cracks were counted and measured using an image analyzer.
